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Summary 
Recording of glutamate-activated currents in mem- 
brane patches was combined with RT-PCR-mediated 
AMPA receptor (AMPAR) subunit mRNA analysis in 
single identified cells of rat brain slices. Analysis of 
AMPARs in principal neurons and interneurons of hip- 
pocampus and neocortex and in auditory relay neu- 
rons and Bergmann glial cells indicates that the GIuR-B 
subunit in its flip version determines formation of re- 
ceptors with relatively slow gating, whereas the 
GIuR-D subunit promotes assembly of more rapidly 
gated receptors. The relation between Ca*+ permeabil- 
ity of AMPAR channels and the relative GIuR-B mRNA 
abundance is consistent with the dominance of this 
subunit in determining the Ca*+ permeability of native 
receptors. The results suggest that differential expres- 
sion of GIuR-B and GIuR-D subunit genes, as well as 
splicing and editing of their mRNAs, account for the 
differences in gating and Ca*+ permeability of native 
AMPAR channels. 
Introduction 
Fast excitatory synaptic transmission in the CNS is pre- 
dominantly mediated by glutamate receptors of the 
a-amino-3-hydroxy-5methyl-4-isoxazolepropionate sub- 
type (AMPARs). In hippocampal and neocortical principal 
neurons, AMPARs desensitize relatively slowly (time con- 
stant, lo-15 ms) and exhibit low permeability to Ca2+ 
(Mayer and Westbrook, 1987; Colquhoun et al., 1992; Hes- 
trin, 1993; Livsey et al., 1993; Jonas et al., 1994). In hippo- 
campal and neocortical interneurons, AMPARs show 
faster desensitization (3-6 ms) and a several-fold higher 
Ca2+ permeability (Hestrin, 1993; Jonas et al., 1994; Koh 
et al., 1995). AMPARs with distinct functional properties 
are expressed in neurons of the auditory pathway (the 
desensitization time constant is about 1 ms; Raman et al., 
1994) and in Bergmann glial cells (the relative permeability 
to Ca’+ is higher than that to monovalent cations: Burna- 
shev et al., 1992b; Mijller et al., 1992). Hence, AMPARs 
in different neuronal circuits, as well as in different cell 
types within the same circuit, differ in their functional prop- 
erties. 
Four AMPAR subunits, designated as glutamate recep- 
tor A (GIuR-A), GIuR-B, GIuR-C, and GIuR-D (or GIuRl, 
GIuR2, GIuR3, and GluR4), have been characterized by 
molecular cloning (for review, see Hollmann and Heine- 
mann, 1994). Additional structural diversity of AMPAR 
subunits is generated by alternative splicing of the flip/ 
flop module (Sommer et al., 1990) and editing of GIuR-B 
pre-mRNA at the Q/R site and of GIuR-B, GIuR-C, and 
GIuR-D pre-mRNAs at the R/G site preceding the flip/flop 
module (Sommer et al., 1991; Lomeli et al., 1994). Func- 
tional studies on recombinantly expressed AMPARs indi- 
cated that channels lacking the Q/R site-edited GIuR-B 
subunit show high Ca*+ permeability and mediate signifi- 
cant Ca*+ influx, whereas channels containing the Q/R 
site-edited GIuR-6 subunit show low Caz+ permeability 
and mediate negligible Ca*+ influx (Hollmann et al., 1991; 
Hume et al., 1991; Burnashev et al., 1992a, 1995). Avari- 
ety of mechanisms have been proposed to affect gating 
(deactivation and desensitization) of AMPARs, including 
subunit composition (Verdoorn et al., 1991; Burnashev, 
1993; Mosbacher et al., 1994), alternative splicing of the 
flip/flop module (Mosbacher et al., 1994) and pre-mRNA 
editing at the R/G site (Lomeli et al., 1994). 
To elucidate to what extent these mechanisms control 
the functional properties of native AMPARs, patch-clamp 
recording of AMPAR-mediated currents was combined 
with mRNA analysis of the same identified cells in acute 
brain slices by use of reverse transcription followed by the 
polymerase chain reaction (RT-PCR; van Gelder et al., 
1990; Lambolez et al., 1992; Bochet et al., 1994; Jonas 
et al., 1994; Monyer and Jonas, 1995). With this approach, 
the relative abundance of all transcripts of the AMPAR 
gene family can be determined in single cells, even in rare 
neuronal types. We focused on AMPARs expressed in 
principal neurons and interneurons in the hilar circuitry of 
the hippocampus and on functionally unique AMPARs in 
neurons of an auditory nucleus (the medial nucleus of the 
trapezoid body [MNTB]; Forsythe and Barnes-Davies, 
1993; Raman et al., 1994) and in Bergmann glial cells 
of the cerebellum (Burnashev et al., 1992b; Miiller et al., 
1992). The relative abundance of GIuR-B mRNA in its flip 
version and of GluR-D mRNA are the main determinants 
of gating, whereas the GIuR-B subunit dominates the Ca2+ 
permeability of native AMPARs. 
Results 
Differences in Gating and Ca*+ Permeability of 
AMPARs in CA3 Pyramidal and Dentate Gyrus 
Basket Cells 
Native AMPARs expressed in visually and electrophysio- 
logically identified principal neurons and interneurons of 
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rat brain slices differ in their functional properties. This is 
exemplified by AMPARsexpressed in CA3 pyramidal cells 
and dentate gyrus (DG) basket cells (Figure 1). Deactiva- 
tion of AMPAR-mediated currents following 1 ms  gluta- 
mate pulses and desensitization during 100 ms  glutamate 
pulses were 2-to 3-fold slower in CA3 pyramidal cells (de- 
activation, r = 3.0 ms; desensitization, 5 = 15.2 ms)  than 
in DG basket cells (deactivation, 5 = 1.4 ms; desensitiza- 
tion, r = 5.5 ms; Figures 1 a and 1 b). In addition, the ampli- 
tude of the nondesensitizing current component, mea- 
sured at the end of a 100 ms  glutamate pulse, was larger in 
CA3 pyramidal cells than in DG basket cells (5.3% versus 
<lo/o of the peak current amplitude; Table 1). 
AMPARs expressed in CA3 pyramidal cells and DG bas- 
ket cells also differed markedly in their relative Ca*+ perme- 
ability. In Na+-rich extracellular solution, the reversal po- 
tential of the glutamate-activated current was close to 0 
mV for both cell types. When the Nat-rich solution was 
exchanged with a Ca’+-rich solution (containing 30 m M  
Ca*+ and 105 m M  NMG’; see Experimental Procedures), 
the reversal potential shifted to negative values in the CA3 
pyramidal cell patch, but hardly changed in the DG basket 
cell patch (Figures 1 c  and 1 d). The Pca/PNavalue calculated 
from the shift in reversal potential was 16-fold lower for 
CA3 pyramidal cell AMPARs (P,$P,, = 0.10) than for DG 
basket cell AMPARs (P,,/PN, = 1.59). These results indi- 
cate that AMPAR channels expressed in CA3 pyramidal 
cells and DG basket cells are distinct from each other with 
respect to both gating and Ca*+ permeability. 
Figure 1. Dlfferent Gating Properties and Ca2‘ 
Permeabil i ty of AMPARs Expressed in CA3 Py- 
ramidal Cells and DG Basket Cells 
Data are from two different CA3 pyramidal cell 
patches (a and c) and the same DG basket cell 
patch (b and d). The Southern blots of the PCR 
products obtained from the same individual 
cells shown in (c)and (d) are Illustrated in Fig- 
ures 2a  and 2b. 
(a and b) Currents activated by 1  and 100 ms 
pulses of 1  m M  glutamate in Na+-rich extracel- 
lular solution at -60 mV are shown superim- 
posed. 
(c and d) I-V relations of glutamate-activated 
peak currents evoked in outslde-out patches 
with Na’-rich extracellular solution (open sym- 
bols) and with Ca2’-rich solution (30 mM; closed 
symbols); 1  m M  glutamate in Na+-rich and 3  
m M  glutamate in Ca?ich solution. Reversal 
potentials In CaZ-rich solution are indicated by 
arrows. 
FIT-PM Analysis of AMPAR-Specif ic mRNA in CA3 
Pyramidal and  DG Basket cells 
To elucidate the possible molecular basis for these func- 
tional differences, we evaluated the AMPAR-specif ic 
mRNAs in single cells using RT-PCR (see Experimental 
Procedures). After an outside-out patch was isolated, a 
second gigaohm seal was formed on the same cell using 
a larger patch pipette to harvest its cellular contents (Jonas 
et al., 1994; Monyer and Jonas, 1995). The aspirated cyto- 
plasm was subjected to reverse transcription and PCR 
amplification with AMPAR-specif ic primers. RT-PCR anal- 
ysis revealed marked differences in AMPAR subunit ex- 
pression among cell types. This is illustrated for a CA3 
pyramidal and a DG basket cell (Figures 2a and 2b), the 
AMPARs of which had been functionally characterized 
(current-voltage relations obtained from these two cells 
are shown in Figures lc and Id). In the CA3 pyramidal 
cell, only GIuR-A and GIuR-B transcripts were detected 
by Southern blot analysis (Figure 2a), whereas the DG 
basket cell contained predominantly GIuR-A and only rela- 
tively small amounts of mRNAs encoding the other sub- 
units (Figure 2b). 
To determine semiquantitatively the abundance of 
GluR-A, GIuR-E3, GIuR-C, and GluR-D mRNAs relative to 
that of all AMPAR-specif ic transcripts, the PCR-generated 
DNA fragments were cloned into a phage M13-derived 
vector, and recombinant phage plaques hybridizing to 
subunit-specific oligonucleotide probes were counted (see 
Experimental Procedures). Cloning also allowed us to de- 
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Table 1. Functional Properties and Subunit Cornpositron of Native AMPARs in Nine Different Cell Types 
_______---____. 
Cell Type 
Deactivation 
T (W 
Abundance 
Desensitrzation Nondesensitizmg GIuR-A/B/C/D 
T (4 Current (O/o) P&P,, total (O/o) 
Principal Neurons 
CA3 
pyramidal 
Cells” 
Hilar 
mossy 
cellsa 
DG 
granule 
cellsb 
Neocortical 
layer V 
pyramidal 
cells 
Interneurons 
DG 
basket 
cellsa 
Hilar 
interneurons” 
Neocortical 
layer IV 
nonpyramidal 
cells 
3.0 15.2 5.3 0.10 
f * 2 f 
0.3 0.8 1.1 0.005 
(10) (10) (10) (10) 
3.3 16.3 9.8 0.11 
f -c r e 
0.4 1.2 2.4 0.002 
(10) (10) (10) (10) 
1.8 10.1 3.1 0.09 
f f + + 
0.3 0.9 0.8 0.005 
(4) (9) (5) (4Y 
2.5 11.2 4.6 0.07 
t f + -t 
0.2 0.7 0.6 0.003 
(14) (9) (9) (10) 
1.4 5.5 
f f 
0.1 0.9 
(10) (10) 
21 6.1 
+ k 
0.4 0.8 
(5) (5) 
1.7 5.1 
+ f 
0.2 0.7 
(11) (11) 
<l 1.59 
-+ 
0.13 
(10) (10) 
<l 1.44 
f 
0.48 
(5) (5) 
<l 0.69 
+ 
0.20 
(11) (17Y 
MNTB Neurons and Bergmann Glral Cells 
MNTB 0.9 1.7 
relay 5 -t 
neurons 0.04 0.2 
(6) (12) 
Bergmann 
glial 
cells? 
1 .o 3.2 
k * 
0.4 1 .o 
(5) (11) 
<l 1.12 
f 
0.25 
(12) (5) 
<l 2.8 
* 
0.2 
(11) (6) 
54/44/2/o 
-+ 
6/6/2/O 
(10) 
58/36/6/O 
f 
8/7/3/O 
(10) 
52/44/4/O 
f 
9/l l/4/0 
(8) 
917511313 
f 
4/5/3/2 
(11) 
65/12/10/13 
f 
7141413 
(10) 
41/30/13/15 
f 
a/5/5/3 
(5) 
57/24/l 3/6 
f 
6/6/3/3 
(12) 
17/24/4/55 
e 
13/9/4/l 4 
(8) 
591319129 
* 
g/3/9/7 
(‘1) 
Abundance 
GluR-A/B/C/D 
flip (%) 
..~~~. 
45/36/ND/O 
+ 
7/5/NDIO 
(10) 
48/30/ND/O 
+ 
7/6/ND/O 
(10) 
18/30/NDIO 
+ 
711 O/ND/O 
(8) 
5/39/ND/i 
+ 
2/8/ND/i 
(11) 
6/4/N D/O 
f 
4/4/ND/O 
(10) 
23/l 2/ND/5 
-t 
10/5/N D/3 
(5) 
1117/ND/4 
* 
4/3/ND/2 
(12) 
O/O/ND/O 
k 
O/O/ND/O 
(8) 
58lNDINDl27 
f 
11 /ND/ND/S 
(11) 
E/a/ND/O 
k 
4/3/NDIO 
(10) 
10/5/ND/O 
k 
6/3/NDIO 
(10) 
34/l 51NDIO 
k 
10141NDIO 
(8) 
4/37/ND/2 
f 
3/8/ND/2 
(11) 
59/8/ND/l3 
f 
9/3/ND/3 
(10) 
19/18/ND/lO 
f 
6/9/ND/5 
(5) 
46/l 7lNDl3 
+- 
5/5/ND12 
(12) 
17/24/NDl55 
f 
13/9/ND/i 4 
(8) 
l /ND/ND/2 
k 
l/ND/ND/2 
(11) 
The GluRs were identified as AMPARs on the basis of the preferential activation by AMPAas compared with kainate. the inhibition of desensitization 
by cyclothiazide, and cross-desensitization (see Experimental Procedures). Desensitization and deactivation time constants were measured using 
1 and 100 ms pulses of 1 mM glutamate, respectively. The nondesensitizing component was determined as the ratio of the amplitude of the mean 
current at the end of a 100 ms glutamate pulse to that of the peak current. Ca2+ permeability values were calculated using equation 1 as described 
in Experimental Procedures. A flip/flop analysis was not performed for the less abundant GIuR-C subunit. Values denote mean f SEM. Number 
of experiments is given in parentheses. ND, not determined. 
a In the cell types indicated, functional properties of AMPARs and relative abundance of AMPAR mRNA were determined in the same individual 
cells. Of 119 CA3 pyramidal cells, hilar mossy cells, DG basket cells, and hilar interneurons that recordings were made from, 46 could be successfully 
harvested, and 35 gave a PCR product. 
’ In these cell types, analysis of functional properties of AMPARs and relative abundance of AMPAR mRNA could not be performed on the same 
Individual cells because of their small somata. Of 37 DG granule cells, MNTB relay neurons, and Bergmann glial cells harvested, 27 gave a PCR 
product. 
c Electrophysiological data for neocortical neurons were taken from Jonas et al. (1994) except the amplitude of the nondesensitizing current 
component. Results of PCR analysrs were taken from Jonas et al. (1994) except the flip/flop data. In 9 neocortical neurons, the product of the 
first round of amplification was reamplified using the primers described in Experimental Procedures. 
d In these cell types, the Pc,/PN, value was determined using an extracellular solution containing 100 mM Ca*-. 
’ In 2 DG granule cells and 1 MNTB relay neuron analyzed by RT-PCR, only GIuR-B mRNA was detected. These cells were not included in the 
evaluation because functional and molecular characterization were not made on the same cell, and the current mediated by GIuR-B homomers 
in patches is lkkely to be undetectably small (as suggested by data from recombinant AMPARs expressed in Xenopus oocytes or HEK cells). 
’ In 10 of 11 Bergmann glial cells, GIuR-B mRNA could not be detected; In 1 cell, low levels of GIuR-B mRNA were found. 
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Figure 2. RT-PCR Analysis of AMPAR Subunit mRNAs in Single CA3 
Pyramidal Cells and DG Basket Cells 
(a and b) Southern blot analysis of PCR products from a single CA3 
pyramidal cell (a) and a DG basket cell(b) with oligonucleotide probes 
for GIuR-A, GIuR-B, GIuR-C, and GIuR-D. Results are from the same 
individual cells as the ones from which the membrane patches illus- 
trated in Figures 1 c and Id were obtained. 
(c and d) Bar graphs showing the relative abundance of GIuR-A to 
GIuR-D mRNA for CA3 pyramidal cells (c) and DG basket cells (d); 
each graph includes data from 10 individual ceils. The relative abun- 
dance was quantified using RT-PCR followed by subcloning and differ- 
ential hybridization as described in Experimental Procedures. Shaded 
and closed parts of the bars indicate relative abundance of the flip 
and flop versions, respectively. The flip/flop ratios were not analyzed 
for the less abundant GIuR-C subunit (open bar). 
termine the extent of flip/flop splicing and of pre-mRNA 
editing at different sites. The average relative abundance 
of AMPAR subunit transcripts from 10 CA3 pyramidal cells 
and 10 DG basket cells is depicted in bar graphs (Figures 
2c and 2d; in all cases, the functional properties of 
AMPARs had been characterized prior to PCR analysis). 
The relative level of GIuR-A mRNA was comparable in CA3 
pyramidal and DG basket cells, but the relative amountsof 
GIuR-6 and GIuR-D mRNA were markedly different. The 
values of the relative abundance of GIuR-A, GIuR-B, 
GIuR-C, and GIuR-D mRNA were 0.54, 0.44, 0.02, and 0 
in CA3 pyramidal cells and 0.65, 0.12, 0.10, and 0.13 in 
DG basket cells (Figure 2; Table 1). Statistical analysis 
revealed that the differences in the relative levels of 
GIuR-B and GIuR-D mRNA between the two cell types 
were significant (two-sample, two-tailed Wilcoxon-Mann- 
Whitney test, P < .002 in both cases). 
CA3 pyramidal cells and DG basket cells also differed 
in flip/flop splicing. Pyramidal cells expressed mainly flip 
versions, whereas basket cells contained almost exclu- 
sively flop versions (Figures 2c and 2d). Editing of AMPAR 
subunit pre-mRNA, however, wassimilar in both cell types; 
GIuR-B transcripts were fully edited at the Q/R site, and 
GIuR-B and GIuR-D transcripts were >95% edited at the 
R/G site. These results indicate that AMPARs in CA3 pyra- 
midal cells and DG basket cells differ markedly in AMPAR 
subunit gene expression and transcript splicing, but not 
in editing. 
Functional and Molecular Analysis of AMPARs in 
Hilar Neurons and DG Granule Cells 
To study further the relation between functional and mo- 
lecular properties of native AMPARs, the analysis was ex- 
tended to other hippocampal principal neurons and in- 
terneurons (Table 1). Within the hilar circuitry of the 
hippocampus, AMPARs expressed in hilar mossy cells 
showed slow gating (desensitization, T = 16.3 ms) and 
low Ca2+ permeability (P,,/PN, = 0.11); their functional 
characteristics were thus similar to those expressed in 
CA3 pyramidal cells. AMPARs in DG granule cells desen- 
sitized more rapidly (T = 10.1 ms), but also exhibited low 
Ca2+ permeability (Pca/PN, = 0.09). In contrast, AMPARs 
in hilar interneurons were characterized by a much faster 
desensitization (7 = 6.1 ms) and a relatively high Ca2+ 
permeability (Pca/PN, = 1.44); they were thus functionally 
comparable to those in DG basket cells (Table 1). The 
high Ca2+ permeability of AMPAR channels in hilar in- 
terneurons was surprising, since a previous study sug- 
gested low Ca2+ permeability (Livsey et al., 1993). 
Single-cell RT-PCR analysis indicated that hilar mossy 
cells, like CA3 pyramidal cells, primarily expressed GIuR-A 
and GIuR-B subunits in the flip version. DG granule cells 
contained GIuR-A and GIuR-B subunits in both splice 
forms. Hilar interneurons expressed GIuR-A to GIuR-D 
subunits, with highest levels of GIuR-A occurring in both 
splice versions (Table 1). In hilar neurons and DG granule 
cells, the GIuR-B transcripts were fully edited at the Q/R 
site. In hilar mossy cells and hilar interneurons, GIuR-B 
and GIuR-D transcripts were >95% edited at the R/G site. 
In DG granule cells, however, the degree of R/G site edit- 
ing of GIuR-B was on average only about 50% and varied 
from cell to cell between 0 and >95%. 
The analysis of the hippocampal cell types depicts the 
following profile of AMPAR subunit expression. Gluta- 
matergic principal neurons preferentially express GIuR-A 
and GIuR-B mRNA, which occur mainly as flip versions, 
with the exception of DG  granule cells, in which flip and 
flop forms occur in approximately equal proportions. 
GABAergic interneurons express GIuR-B mRNA at lower 
levels and GIuR-D mRNA at higher levels than principal 
neurons. In addition, in interneurons, the relative amount 
of the flop version is higher. R/G site editing was almost 
complete in all cell types, with the exception of DG  granule 
cells. 
Analysis of AMPARs in Auditory Relay Neurons and 
Bergmann Glial Cells 
To explore the range of functional and molecular charac- 
teristics, we investigated AMPARs expressed in auditory 
relay neurons and in Bergmann glial cells. AMPARs in 
neurons of the MNTB (Forsythe and Barnes-Davies, 1993) 
showed the fastest gating of all cell types investigated here 
(desensitization, r = 1.7 ms; Figure 3a) and exhibited a 
marked permeability to Ca*+ (Pca/PN. = 1.1; Figure 3~). 
AMPARs in Bergmann glial cells of the cerebellum also 
Molecular Determinants of Native AMPAR Function 
197 
r 30 ms 
d 
Figure 3. Analysis of Functionally Unique 
AMPARs in MNTB Relay Neurons and Berg. 
mann Glial Cells 
(a and b) Currents activated by 1 and 100 ms 
pulses of 1 mM glutamate in an MNTB neuron 
patch (a) and a Bergmann glial cell patch (b) 
I” Na+-rich extracellular solution at -60 mV. 
The traces shown in (b) are averages of 5 indi- 
vidual sweeps. 
(c and d) I-V relations of glutamate-activated 
peak currents evoked in an MNTB neuron 
patch (c) and a Bergmann glial cell patch (d) 
with Nat-rich extracellular solution (open sym- 
bols) and Case-rich solution (30 mM; closed 
symbols); 1 mM glutamate in Na+-rich solution 
and 3 mM glutamate in Caz+-rich solution. 
(e and 9 Bar graphs showing the average rela- 
tive abundance of GIuR-A to GIuR-D mRNA for 
6 MNTB neurons (e) and 11 Bergmann glial 
cells (9. Flip and flop versions are indicated as 
described in the legend of Figure 2. 
GluRmA GluKB GluRK GIuR-D GluR~A GluRm6 GIuR-C GluRmD 
showed rapid kinetics (desensitization, T = 3.2 ms; Figure 
3b) and were characterized by the highest relative Ca2+ 
permeability of all the cell types studied (Pca/PN. = 2.8; 
Figure 3d). 
FIT-PCR analysis revealed that the expression profile 
of AMPAR subunits in MNTB relay neurons and Bergmann 
glial cells differed from that of the other neuronal types 
(see above). GIuR-D transcripts were predominant in 
MNTB relay neurons (Figure 3e), whereas in Bergmann 
glial cells, both GIuR-A and GIuR-D subunits were ex- 
pressed (Figure 39. Virtually all Bergmann glial cells (10 of 
11) lacked GIuR-B mRNA. Only flop forms were detected 
in MNTB relay neurons, whereas almost exclusively flip 
versions were found in Bergmann glial cells. GIuR-B tran- 
scripts were always fully edited at the Q/R site. GIuR-B 
and GIuR-D transcripts in the MNTB relay neurons were 
>95% edited at the R/G site. GluR-D transcripts in Berg- 
mann glial cells, unlike those in all other cell types, were 
completely unedited at the R/G site (Lomeli et al, 1994). 
Hence, MNTB relay neurons represent the only cell type 
analyzed expressing exclusively a single-splice version, 
and Bergmann glial cells are distinguished by lack of 
GIuR-B expression and lack of R/G site editing. 
GIuR-B and GM-D Subunits Provide Antagonistic 
Control of Gating Properties of Native AMPARs 
To assess which molecular factors determine the gating 
properties of native AMPARs, deactivation and desensiti- 
zation time constants were plotted against the relative 
abundance of subunit mRNAs for all cell types investi- 
gated. In addition, results from principal neurons and in- 
terneurons of neocortex (Jonas et al., 1994) were ex- 
tended with regard to splice variant expression and were 
included in the evaluation (Table 1). Statistical analysis of 
averaged data from these nine cell types revealed signifi- 
cant correlations between the deactivation and desensiti- 
zation time constant and the relative abundance of GIuR-B 
and GIuR-D mRNAs (Figure 4; Table 2). The desensitiza- 
tion time constant increased as a function of the relative 
abundance of GIuR-B (Spearman rank correlation coeffi- 
cient [rs] = 0.77; P < .Ol ; Figure 4a) and GIuR-B,,,, mRNA 
(rS = 0.91; P < .OOl ; Figure 4b). The desensitization time 
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Figure 4. Relative Abundance of GIuR-B and GIuR-D mRNA Determines Gatrng of Native AMPARs 
Plot of desensitization time constant (5) against the relative abundance of GIuR-B (a), GIuR-BR,, (b), GIuR-D (c), and GIuR-Dn,, mRNA (d). Averaged 
data from nine cell types (in the order of increasing desensitization 5): MNTB relay neurons, Bergmann glial cells, neocortical layer IV nonpyramidal 
cells, hippocampal DG basket cells, hilar interneurons, DG granule cells, neocortical layer V pyramidal cells, hippocampal CA3 pyramidal cells, 
and hilar mossy cells. Open and closed symbols indicate preferential expression of flip and flop variants, respectively. Half-closed symbols denote 
the expression of flip and flop versions at roughly equal proportions. Data for neocortical neurons are partly from Jonas et al., 1994. rs denotes 
Spearman rank correlation coefficient. 
constant decreased as a function of the relative abun- 
dance of GIuR-D (rs = -0.83; P < .005; Figure 4c) and 
GIuR-D,,,, mRNA (rs = -0.77; P < .Ol; Figure 4d). Rank 
correlation analysis of single-cell data (desensitization 
time constant and mRNA abundance obtained from the 
same individual cells) gave similar results (P < ,025 for 
GIuR-B; P < ,001 for GluR-Bs,, GIuR-D, and GIuR-DIIop; 
data not shown). Like the desensitization time constant, 
the deactivation time constant showed a positive correla- 
tion with the relative abundance of GIuR-B and GluR-Blllp 
mRNA and a negative correlation with the relative abun- 
danceof GIuR-D and GIuR-D,,,, mRNA(Table 2). Nosignifi- 
cant correlation was found between the kinetic properties 
and the relative abundance of GIuR-A and GIuR-C 
mRNAs, the total relative abundance of flip or flop versions 
(Table 2), and the degree of R/G site editing of GIuR-B 
and GIuR-D transcripts (data not shown). This suggests 
that a high relative abundance of GIuR-B mRNA, particu- 
larly in the flip version, results in the formation of slowly 
gated AMPARs, whereas a high relative abundance of 
Table 2. Correlations between Gating Properties of AMPARs and Relative Abundance of AMPAR Subunit mRNA 
Deactivation 5 Desensitization r 
___~ 
Relative Abundance mRNA rs P rs P 
GIuR-B,,,, 
GIuR-D 
GIuR-B 
GIuR-D,,, 
GluR~.,tm 
GIuRfi,, ,ota, 
GIuR-A 
GIuR-D,,, 
GIuR-C 
GluR-Bn., 
0.91 <O.OOl 0.91 <O.OOl 
-0.75 <0.025 -0.83 <0.005 
0.75 <0.025 0.77 <O.Ol 
-0.72 <0.025 -0.77 <O.Ol 
-0.53 -0.50 
0.51 0.51 
-0.13 -0.07 
-0.10 -0.25 
0.05 -0.06 
-0.03 -0.12 
Averaged data from nine cell types were analyzed (see Table 1). rS, Spearman rank correlation coefficient; P, significance level. Values are given 
m  the order of decreasing absolute rs values (deactivation T). 
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GIuR-D mRNA, especially in the flop version, promotes 
the assembly of rapidly gated AMPARs. 
Since studies on recombinant AMPARs suggested that 
flip/flop splicing as well as R/G site editing affect the kinetic 
properties (Mosbacher et al., 1994; Lomeli et al., 1994), 
we compared cell types that expressed the same subunit 
genes but processed the pre-mRNAs differently. CA3 py- 
ramidal cells, hilar mossy cells, and DG granule cells coex- 
pressed GIuR-A and GIuR-6 subunits. The relative abun- 
dance of GluR-A and GIuR-B mRNA did not differ 
significantly between these cell types (two-sample, two- 
tailed Wilcoxon-Mann-Whitney test, P > .2). CA3 pyrami- 
dal cells and hilar mossy cells contained mostly flip ver- 
sions, and GIuR-B was edited at the R/G site to >95%. 
DG granule cells expressed both flip and flop versions 
(Table l), and the average degree of R/G site editing of 
GIuR-B was only 50%. AMPARs in CA3 pyramidal cells 
or hilar mossy cells desensitized more slowly and less 
completely than those in DG granule cells (P < .Ol and 
,002, respectively). This provides additional evidence that 
AMPARs configured from subunits in their flip forms de- 
sensitize more slowly than those formed by flop forms. 
Alternatively, AMPARs assembled from R/G site-edited 
subunits desensitize more slowly than those configured 
from unedited subunits. 
The Relative Abundance of GM-B mRNA 
Determines the Ca*+ Permeability of Native AMPARs 
In recombinantly expressed AMPARs, the Ca2+ permeabil- 
ity is determined by the GIuR-B subunit in its Q/R site- 
edited form (see Hollmann and Heinemann, 1994). Analy- 
sis of averaged data from nine cell types revealed a highly 
significant correlation between PcJPN, and the relative 
abundance of GIuR-B mRNA (rs = -0.95; P < .OOl ; Figure 
5). Analysis of single-cell data gave similar results (P < 
,001; data not shown). Pc,/PN, decreased as a function 
of GIuR-B mRNA abundance; at one end of the range, 
AMPARs of Bergmann glial cells and DG basket cells 
showed the highest P&P,.,, and the lowest relative abun- 
dance of GIuR-B mRNA. At the other end, AMPARs in 
principal neurons (e.g., CA3 pyramidal cells and DG gran- 
ule cells) were characterized by a low PcJPN, and a high 
relative abundance of GIuR-B mRNA. PcJPN, tended to 
increase as a function of GluR-A, GIuR-C, and GluR-D 
mRNA abundance, but the correlations were less strong 
(rs = 0.57,0.14, and 0.77). This suggests that the relative 
abundance of GIuR-B mRNA is the main determinant of 
the Ca2+ permeability of native AMPARs. 
Discussion 
AMPARs in different cell types of the CNS are functionally 
and molecularly distinct. In glutamatergic principal neu- 
rons of hippocampus and neocortex, AMPARs show rela- 
tively slow gating (deactivation, T = 1.8-3.3 ms; desensiti- 
zation, r = 10.1-16.3 ms) and low Ca*+ permeability (PC,/ 
PNa = 0.07-0.11). In GABAergic interneurons, AMPARs 
show faster gating (deactivation, r = 1.7-2.1 ms; desensi- 
tization, T = 5.1-6.1 ms) and higher Ca*+ permeability 
pC,/ p,, = 3.2 
4% 
pc,/ p,, = 0.1 
@  e . . . . . 
I<= 095 
I , I I I 
0 02 04 06 08 1 
relative abundance 01 Glut+6 mRNA 
Figure 5. Relative Abundance of GIuR-B mRNA Determines the Ca*+ 
Permeability of Native AMPARs 
Plot of PcdPN. (determined by equation 1) against the relative abun- 
dance of GIuR-B mRNA. Averaged data from 9 cell types (in order of 
decreasing Cap+ permeability): Bergmann glial cells, hippocampal DG 
basket cells, hilar interneurons, neocortical layer IV nonpyramidal 
cells, hippocampal hilar mossy cells, CA3 pyramidal cells, and neocor- 
tical layer V pyramidal cells. Data for neocortical neurons are partly 
from Jonas et al., 1994. rs denotes Spearman rank correlation coeffi- 
cient. Continuous line represents least-squares fit using equation 2 
(dominance model) with P,./PN.,, = 3.2 and P&P,,,,,, = 0.1, A sche- 
matic drawing of the model is illustrated on top; GIuR-B subunits are 
shown in black; other GluR subunits are shown in white. 
(PCJPN. = 0.69-l .59). These differences in functional 
properties in the two classes of neurons are correlated 
with differences of AMPAR subunit expression. In princi- 
pal neurons, GIuR-A and GluR-B subunits are expressed 
abundantly. In interneurons, the relative abundance of 
GIuR-B is lower than in principal neurons (0.12-0.30 ver- 
sus 0.36-0.75 of total AMPAR transcripts), and conversely 
the relative abundance of GluR-D is higher (0.06-0.15 ver- 
sus <0.03). Principal neurons express preferentially flip 
versions, whereas interneurons mainly contain flop ver- 
sions. AMPARs expressed in MNTB neurons and Berg- 
mann glial cells are functionally distinguished with respect 
to very rapid gating (deactivation, r = 0.9 and 1.0 ms; 
desensitization, r = 1.7 and 3.2 ms) and high Ca*+ perme- 
ability (Pc,/PN, = 1 .l and 2.8, respectively); both cell types 
express GIuR-D mRNA at high relative levels (0.55 and 
0.29). The functional and molecular differences have al- 
lowed us to deduce molecular determinants of native 
AMPAR function. 
Molecular Determinants of Gating Properties of 
Native AMPARs 
Deactivation and desensitization time constants show a 
significant positive correlation with the relative abundance 
of GIuR-B and GluR-Bn,,mRNAs and a negative correlation 
with the relative abundance of GIuR-D and GIuR-D,,,, 
mRNA. A previous study on AMPARs recombinantly ex- 
pressed in Xenopus oocytes suggested that the GIuR-DK,, 
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subunit is the major determinant of rapid desensitization 
(Mosbacher et al., 1994). Both the negative correlation of 
desensitization time constant with the relative abundance 
of GIuR-D~~,, and the very rapid desensitization of AMPARs 
in MNTB neuronspreferentiallyassembled from GluR-Dr,,, 
subunits are consistent with this hypothesis. In native 
AMPARs, however, the correlation of desensitization time 
constant with the relative abundance of GIuR-D is slightly 
better than that with the abundance of GIuR-Drlop. 
Consistent with the positive correlation between desen- 
sitization time constant of native AMPARs and the relative 
abundance of GIuR-Br,,, mRNA, recombinant homomeric 
GluR-Btrip AMPARs expressed in HEK 293 cells show the 
slowest desensitization of all subunit combinations investi- 
gated (32 ms; Burnashev, 1993). The desensitization time 
course of recombinant heteromeric GluR-Ae,/Brr, AMPARs, 
however, has been controversial (Burnashev, 1993; Partin 
et al., 1994; Mosbacher et al., 1994). When expressed in 
HEK cells, the desensitization time constant is lo-15 ms 
(Burnashev, 1993; Partin et al., 1994) which is in good 
agreement with the desensitization time constant of 
AMPARs in CA3 pyramidal and hilar mossy cells preferen- 
tially assembled from GluR-Ar,,,/Br,,,. The desensitization 
time constant of the same receptor combination ex- 
pressed in the Xenopus oocytes, however, is only 5.1 ms 
(Mosbacher et al., 1994). 
Desensitization of recombinant AMPARs is also regu- 
lated by editing of GIuR-B, GIuR-C, and GluR-D mRNAs 
at the RIG site (Lomeli et al., 1994). In most cell types, 
GIuR-B and GIuR-D transcripts are almost completely ed- 
ited at the R/G site, with the exception of DG  granule cells 
and Bergmann glial cells. In DG granule cells, AMPARs 
desensitize more rapidly than those in CA3 pyramidal cells 
or hilar mossy cells. This may be attributed to the low 
degree of R/G site editing or, alternatively, to the higher 
abundance of flop versions in DG granule cells. In Berg- 
mann glial cells, AMPAR desensitization is faster than that 
in DG basket cells. This could be also due to the lack of 
R/G site editing or, alternatively, to the virtual absence of 
GIuR-B and the high level of GIuR-D in Bergmann glial 
cells. Thus, the present results are at least consistent with 
the notion that recombinant AMPARs assembled from ed- 
ited subunits desensitize more slowly than those config- 
ured from unedited subunits (Lomeli et al., 1994). 
Molecular Determinants of Ca2+ Permeability 
of Native AMPARs 
Pca/PNa of native AMPARs is inversely correlated with the 
relative abundance of GIuR-B. Studies on recombinant 
receptors indicate that AMPARs lacking the GIuR-B sub- 
unit have high Ca*+ permeability, whereas AMPARs con- 
taining GIuR-B show low Ca*+ permeability (Hume et al., 
1991; Burnashev et al., 1992a). The range of Ca2+ perme- 
ability of native AMPARs (Pca/PN, = 0.07-2.8) was almost 
identical with that of recombinant AMPARs assembled 
from various subunit combinations (Burnashev et al., 
1992a). 
Different combinatorial models of subunit assembly 
were used to describe the relation between Pc,/PN, and 
the relative abundance of GIuR-B. A critical assumption is 
that the relative abundances of GIuR-B mRNA and GIuR-B 
subunit protein are the same, as supported by in situ hy- 
bridization and immunocytochemistry on single cells in 
brain slices (C. Racca and B. S., unpublished data). The 
relation between Pca/PN, of native AMPARs and the rela- 
tive GIuR-B mRNA level (Figure 5) was inconsistent with 
a model assuming that only homomeric channels are 
formed from GIuR-A, GIuR-B, GIuR-C, and GIuR-D sub- 
units This model would imply a linear relationship, which 
does not adequately describe the data (linear correlation 
coefficient r = 0.64; P > .05). 
The relation between Pca/PNa and the relative GIuR-B 
mRNA abundance was, however, consistent with the view 
that the different subunits combine freely, resulting in a 
mosaic of various heteromeric AMPARs with binomially 
distributed abundance. Assuming that the native channel 
is a pentamer (Wenthold et al., 1992) the dominance 
model (equation 2) provided a good fit (Figure 5, continu- 
ous line; nonlinear correlation coefficient r, = 0.93). This 
implies that a single GIuR-B subunit is sufficient to produce 
a heteromeric AMPAR channel with low Ca2+ permeability. 
The only significant deviation between the data and the 
model was observed for hilar interneurons; for this cell 
type, the measured Pc,/PNa was higher than that predicted 
from the value of the GIuR-B abundance. In conclusion, 
the results are consistent with the view that the GIuR-B 
subunit is functionally dominant in native heteromeric 
(possibly pentameric) AMPARs. 
Functional Significance 
Since the expression of AMPAR subunit genes determines 
deactivation and desensitization time course, it most likely 
influences the decay time course of the excitatory postsyn- 
aptic current (Jonas and Spruston, 1994). The specific 
expression of rapidly gated AMPARs in interneurons and 
relay neurons could serve to decrease the rise time of the 
excitatory postsynaptic potential (EPSP; Jack and Red- 
man, 1971) and to reduce the time interval between EPSP 
and initiation of the postsynaptic action potential. The ex- 
pression of Ca’+-permeable AMPARs in interneurons and 
relay neurons indicates the presence of a significant path- 
way of synaptically mediated Ca*+ entry (Koh et al., 1995; 
Otis et al., 1995). Ca2+ entering through AMPARs may 
activate Ca”-dependent K’ channels and could thereby 
also contribute to the termination of the EPSP. Alterna- 
tively, CaZ+ inflow through AMPARs could result in inacti- 
vation of postsynaptic NMDA receptors (Medina et al., 
1994) or may trigger long-lasting changes of synaptic ef- 
ficacy. 
Differential expression of AMPAR subunits could also 
explain differences in vulnerability of hippocampal neu- 
rons. Whereas DG basket cells survive experimental epi- 
lepsy, hilar mossy cells are irreversibly damaged (Sloviter, 
1987). Ca*+ entry through GluR channels is considered as 
a major factor in glutamate-induced neuronal death (Choi, 
1988). The present results suggest that vulnerability is 
not directly related to the relative Ca*’ permeability of the 
AMPAR channels, since the Pca/PN, is higher in the resis- 
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tant basket cells than in the vulnerable mossy ceils. Vul- 
nerability may be related, however, to time course and 
extent of AMPAR desensitization, since AMPARs in the 
vulnerable mossy cells show the slowest desensitization 
time course and the largest nondesensitizing component 
(Table 1). Neurons with slowly desensitizing AMPARs 
could become depolarized by tonic release of glutamate 
during epileptic or ischemic episodes, leading to Ca2+ in- 
flux through NMDA receptor channels and voltage- 
dependent Ca2+ channels. The specific expression of Ca2+ 
binding proteins (Ribak et al., 1990) may also contribute 
to the higher resistance of DG  basket cells to glutamate- 
induced cell death by more efficient buffering of excessive 
Ca2+ influx. 
At the neuromuscular synapse the presynaptic neuron 
regulates the subunit composition of postsynaptic acetyl- 
choline receptor channels via neurotrophic factors (Wit- 
zemann et al., 1991). For excitatory synapses in the hilar 
circuitry of the hippocampus, a different picture emerges. 
Hippocampal principal neurons (CA3 pyramidal cells, hilar 
mossy cells) and interneurons (DG basket cells, hilar in- 
terneurons) differ in their AMPAR subunit expression pro- 
file. Remarkably, these neurons all receive predominant 
excitatory synaptic input via mossy fibers, the axons of 
DG  granule cells (Amaral et al., 1990). This suggests that 
the subunit composition of AMPARs is largely indepen- 
dent of presynaptic innervation. Hence, glutamate re- 
leased from the same presynaptic neuron will exert very 
different effects on postsynaptic target neurons, de- 
pending on the functional and molecular characteristics 
of the postsynaptic AMPARs. 
Experimental Procedures 
Patch-Clamp Recording in Brain Slices and Fast Application 
of Agonists to Outside-Out Patches 
Transverse hippocampal slices, transverse brainstem slices, and para- 
sagittal cerebellar slicesof 200-250 pm thicknesswere cut from Wistar 
rat brains using a vibratome (Campden). Rats (12-17 days old) were 
used for hippocampal and cerebellar slices, and II- to 12-day-old 
animals, for brainstem slices. Cells were visualized using infrared dif- 
ferential interference contrast video microscopy (Stuart et al., 1993; 
Jonas et al., 1994). A hardcopy from avideoprinter(Mitsubishi) helped 
to identify the cell throughout the course of the experiment. Individual 
neurons were approached with patch pipettes under visual control, 
with positive pressure applied to the inside; no cleaning was performed 
(Stuart et al., 1993). An EPC-7 (List) or Axopatch 200A patch-clamp 
amplifier (Axon Instruments) was used for current- and voltage-clamp 
recording, Patch pipettes were pulled from borosilicate glass tubing 
(2.0 mm outer diameter, 0.5 mm wall thickness). 
Fast application experimentson outside-out membrane patches iso- 
lated from cell somata were made with a double-barrelled application 
pipette (Jonas, 1995). The Piezo-electric element used was a P-275.50 
(Physik Instrumente). The exchange time (200/o-800/o), measured with 
an open patch pipette, was 50-150 us. Patch pipettes used for fast 
application experiments had a resistance of 3-5 Ma when filled with 
intracellular solution. Agonist pulses were applied to outside-out 
patches every 3-5 s. Currents were filtered at 3 kHz bandwidth (-3 
dB) with an 8 pole low pass Bessel filter and were digitized and stored 
on-line using a computer. The current traces shown in the figures 
represent individual traces unlessotherwise noted. All recordings were 
performed at room temperature (20°C-240C). 
Single-Cell PCR 
Patch pipettes used for the PCR experiments had tip outer diameters 
of about 2-3 vrn, corresponding to resistances of 0.7-l .5 MS1 when 
filled with intracellular solution. The glass tubing for the pipettes was 
heated before use (200%, 4 hr), and the intracellular solution was 
autoclaved; the silver wire connected lo the patch electrode was re- 
chlorided before every recording. Cytoplasm and nucleus were har- 
vested into the patch pipette under visual control. Cells were used 
only when the seal remained intact until the very end of the aspiration 
and were rejected whenever debris remained attached to the outside 
of the patch pipette. The contents of the patch pipette were expelled 
into a silanized reaction tube using avalve-controlled pressure system 
(NP, 4 bar). Subsequently, reverse transcription and a first round of 
PCR amplification were performed with AMPAR subunit-specific prim- 
ers as described (Lambolez et al., 1992; Jonas et al., 1994; Monyer 
and Jonas, 1995). Controls for possible contamination artifacts were 
performed at the level of harvesting as well as for each PCR reaction 
(Monyer and Jonas, 1995). 
To quantitate the relative abundance of GIuR-A to GIuR-D tran- 
scripts, a second round of PCR amplification was performed using 
heminested primers containing restriction sites for Xbal (sense, 5’-GCAG- 
TCTAGACTTT(AG)GC(CT)TATGA(AG)ATCTGGATGTG-3’J and Kpnl 
(antisense, %GCGGTACCAAGTTTCC(AT)CC(AC)ACTTTCAT- 
(GC)G-T-3’). The PCR conditions for the second round of amplification 
were similarto thoseof the first (Lambolez et al., 1992). Q/R site editing 
was evaluated as described previously (Sommer 81 al., 1991). 
To quantitate the relative abundance of the flip and flop versions 
and the degree of R/G site editing, subunit-specific primers published 
previously were used (Lomeli et al., 1994). Amplification was per- 
formed in 10 mM Tris HCI (pH 8.8), 50 mM KCI, 1.5 mM MgC&, 0.001% 
(w/v)gelatin, 300 nMofeachprimer, 100 ~Mofeach nucleotidetriphos- 
phate, and 2.5 U Taq pplymerase (Stratagene); cycle conditions were 
94%, 3 min, 35 step cycles (94%, 30 s; 55OC, 30 s; 72’C, 40 s), and 
72OC, 10 min. 
Fragments were cleaved with the respective restriction enzymes, 
isolated from 1% agarose gels, and directionally cloned into doubly 
digested Ml3 mp18 RF-DNA. Electroporation was performed in some 
cases to increase the yield of recombinant phage plaques to >400 
per plate. To evaluate the subunit composition, filters were hybridized 
with GIuR-A lo GluR-D-specific oligonucleotides (KeinBnen et al., 
1990). The relative abundance of GIuR-A to GIuR-D transcripts was 
determined as the ratio of the number of plaques hybridizing with one 
probe to the total number of AMPAR subunit-specific plaques. The 
flip/flop ratio of each subunit-specific PCR product was determined 
using splice form-specific oligonucleotides (flip-pan, 5’-GClTGTCTA- 
AGA(CT)GCCT(GT)(CG)(CT)TCACTG-3’; flop-pan, 5’-ATTTGTCCAA- 
GAGGCC(CT)TG(CT)TC(GT)TTC-3’). 
Control PCR reactions showed that cloned AMPAR subunit cDNAs 
were consistently amplified from amounts as little as 0.1 fg (approxi- 
mately 10 copies). To test whether the proportions of AMPAR subunit 
sequences were maintained during PCR amplification, plasmids car- 
rying different subunit cDNAs were mixed in specified amounts, and 
mixtures were subjected to PCR amplification and cloning; the total 
initial amount of plasmids was either 10 pg or 20 fg. These control 
experiments show that PCR amplification followed by cloning repre- 
sents a suitable assay to assess semiquantitatively the relative abun- 
dance of AMPAR subunit transcripts in single cells (Table 3). 
Cell Identification 
Principal neurons could be identified visually without ambiguity. Hippo- 
campal DG basket cells were Identified by their location at the border 
between the granule cell layer and the hilus and the high frequency 
of action potentials generated upon sustained membrane depolariza- 
tion in the current clamp mode (1 s, 100 pA to 1 nA current pulses; 
Koh et al., 1995). Hilar mossy cells were identified on the basis of 
their rectangular somata (typically with four primary dendrites), strong 
adaptation, and small afterpotentials following spikes (Livsey et al., 
1993). Hilar cells with triangular somata (typically with three primary 
dendrites), high frequency of action potentials generated upon sus- 
tained membrane depolarization, and large afterhyperpolarizationsfol- 
lowing spikes were tentatively identified as hilar interneurons (Livsey 
et al., 1993). Relay neurons of the MNTB of brainstem slices were 
identified by location, spherical shape of soma, strong adaptation, 
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Table 3. Subunit Ratios are MaintaIned during PCR Amplification 
Plasmid Proportion Total Amount GIUR-A/B GIuR-BID GIuR-B/C GIuR-CID 
5O:l 20 fg 12.2 & 3.7:1(3) 12.9 2 3.4:1(3) ND ND 
1o:i 10 PS 3.9 f 0.5:1(3) 4.4 k 0.6:1(3) ND ND 
10:1 20 fg 3.1 2 0.6:1(3) 5.6 2 0.7:1(3) 5.9:1(l) 2.3:1(l) 
5:1 20 fg 1.5:1(1) 2.6:1 (1) ND ND 
I:1 10 PS 0.7 f 0.2:1(3) 1.1 2 0.1:1(3) ND ND 
1:l 20 fg 0.9 k 0.0:1(6) 0.9 +- 0.1:1(6) 1.5:1(i) 0.7:1(l) 
I:5 20 fg 1:3.2(l) 1:1.6(l) ND ND 
1:10 10 PS 1:5.2 f 0.2(3) 1:3.4 r 0.6(3) ND ND 
1:lO 20 fg 1:5.7 k 1.1(3) 1:3.5 f 0.7(3) 1:22(l) 1:6.7(l) 
1:50 20 fg 1:28.3 ? 7.3(3) 1:38.4 f 27.4(3) ND ND 
GIuR-A, GIuR-B, and GIuR-C, in flip version; GIuR-D, in flop version. Number of experiments given in parentheses; ND, not determined. 
and the occurrence of spontaneous excitatory postsynaptic currents 
(Forsythe and Barnes-Davies, 1993). Bergmann glial cells were identi- 
fied in cerebellar slices by the location of the cell body close to that 
of Purkinje cells, the presence of several glial processes extending 
into the molecular layer, the absence of action potentials, the low input 
resistance (<50 Ma), and the very negative resting potential (-80 to 
-90 mV; Miiller et al., 1992). The visual identification of DG basket 
cells, hilar mossy cells, hilar interneurons, and Bergmann glial cells 
was confirmed by intracellular staining using biocytin (n = 4-15 for 
each cell type; Koh et al., 1995). 
Identification of the Receptor Type Mediating the 
Glutamate-Activated Current 
The AMPAIkainate receptor-mediated component of the glutamate- 
activated current was recorded in the presence of 50 NM o-2-amino-5. 
phosphonopentanoic acid (D-AP5) in the extracellular solutions. In 
each class of cells, glutamate and AMPA (1 mM, 100 ms pulses) acti- 
vated currents that desensitized rapidly and almost completely (nonde- 
sensitizing current < 10%). In contrast, kainate (1 mM) evoked conduc- 
tance changes that were only weakly desensitizing and much smaller 
in peak amplitude than those elicited by glutamate or AMPA. The 
average current activated by 1 mM kainate was between 8.1% and 
16.6% of the current activated by 1 mM AMPA for the different types 
of cells investigated, except in MNTB neurons, in which it was 
26.5%. Cyclothiazide (100 PM), a specific inhibitor of desensitization 
of AMPARs (Partin et al., 1993), largely abolished desensitization of 
glutamate-activated currents (n > 3 for each cell type). The average 
current at the end of a 100 ms pulse of 1 mM glutamate in the presence 
of 100 PM cyclothiazide was between 71.3% and 93.8% of the peak 
current for the various cell types, except in MNTB neurons. For this 
cell type, the nondesensitizing component was 55.1%; the decay time 
course of the remaining desensitizing component, however, was sev- 
eral-fold slower in the presence of cyclothiazide, as expected for an 
AMPAR assembled from flop form subunits (Partin et al., 1994). Prein- 
cubation with AMPA almost completely abolished kainate-activated 
currents (both agonists applied at roughly half-maximal activating con- 
centrations of 300 and 500 PM, respectively; n = l-3 for each cell 
type). These results indicate that glutamate-activated currents in all 
cell types investigated are predominantly mediated by AMPARs and 
that the contribution of kainate receptors IS negligible. 
Solutions 
Slices were continuously superfused with physiological extracellular 
saline solution containing 125 mM NaCI, 25 mM NaHC03, 25 mM 
glucose, 2.5 mM KCI, 1.25 mM NaH*PO,, 2 mM Call,, 1 mM MgCI,, 
bubbled with 95% O2 and 5% CO?. The HEPES-buffered Nat-rich 
extracellular solution used for perfusing the application pipette con- 
tained 135 mM NaCI, 5.4 mM KCI, 1.8 mM CaC&, 1 mM MgCI,, 5 mM 
HEPES (pH adjusted to 7.2 with NaOH). The Ca*+-rich extracellular 
solution contained 30 mM CaClz, 105 mM N-methyl-D-glucamine, 5 
mM HEPES (pH adjusted to 7.2 with HCI). 
The K+-rich mtracellular solution used in fast application experi- 
ments contained 140 mM KCI, 10 mM EGTA, 2 mM MgCI,, 2 mM 
NazATP, 10 mM HEPES (pH adjusted to 7.3 with KOH). The intracellu- 
lar solution used In the PCR experiments contained 140 mM KCI, 5 
mM EGTA, 3 mM MgCI,, 5 mM HEPES (pH adjusted to 7.3 with KOH). 
AMPAand D-AP5 were from Tocris, kainate was from Sigma, cyclothia- 
zide from Eli Lilly, and other chemicals from Sigma or Merck. 
Analysis 
The decay phase of the current activated by a brief (1 ms) or a long 
(100 ms) glutamate pulse was fitted with a single exponential function, 
yielding the deactivation and desensitization time constant, respec- 
tively. The time interval used for the fit was 0.3 ms to either 25 ms or 
100 ms after the peak. 
I-V relations were fitted by third to sixth order polynomials, from 
which the interpolated reversal potentials were calculated. The relative 
Ca2+ permeability, P&PN., wasdetermined from the reversal potentials 
in Na+-rich extracellular solution (V ,BVNB) and Ca2+-rich extracellular solu- 
tion (V,,.) using the following equation (Lewis, 1979): 
Pc$PN, = 114 x a&ac,(exp[(2V,,. - V,,N.)F/RT] + 
exp[(Vrd. - V&FIRT]), 
(1) 
where aNa and a~. represent the activities of Na’ and Ca*+ in the extra- 
cellular solutions, respectively, and R, T, and F have their conventional 
meaning. Activity coefficients were estimated by interpolation of tabu- 
lated values (0.75 for NaCI, 0.55 for CaCl& V,,, and VrmNa values 
were corrected for liquid junction potentials of 9.8 mV and 4.5 mV, 
respectively (Koh et al., 1995). 
The dependence between Caz+ permeability and the relative abun- 
dance of GIuR-B mRNA was quantitatively assessed using combinato- 
rial models of subunit assembly. There were four assumptions, as 
follows. First, the functional channel is a pentamer (Wenthold et al., 
1992); second, all subunits assemble freely with each other with the 
same probability; third, the level of GIuR-B subunit protein is propor- 
tional to the relative abundance of GIuR-B transcripts in the PCR prod- 
uct; fourth, the Ca2+ permeability measured from the macroscopic cur- 
rent reflects the average of the Ca*+ permeabilities of all individual 
channels. Data points were fitted with the dominance model: 
f(x) = (PCJPN. max - Pea/P,. rnl”)(l - x)5 + PCSlPN. m,n, (2) 
which assumes that channels lacking GIuR-B show high Ca2+ perme- 
ability, whereas channels containing B 1 GIuR-B subunits show low 
Ca2+ permeability; x represents the relative abundance of GIuR-B 
mRNA. The only free parameters were PdPN.,, and Pc$P,,,,,, the 
maximum and minimum relative Ca*+ permeability. 
All numerical values given denote mean f SEM. Error bars in the 
figures also indicate SEM. The significance of correlations between 
functional parameters and relative abundance of GluR mRNA was 
assessed by computing the Spearman rank correlation coefficient (rs) 
and testing it against tabulated values (Sachs, 1984). The rankcorrela- 
tion coefficient does not require information about the distribution of 
the values and the exact shape of the relation. 
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